Introduction {#Sec1}
============

Transglutaminase (EC 2.3.2.13), i.e. protein-glutamine γ-glutamyltransferase, belongs to the class of transferases (Marx et al. [@CR54]; Trespalacios and Pla [@CR78]). It catalyses the formation of an isopeptide bond between the group of γ-carboxamides of glutamine residues (donor) and the first-order ε-amine groups of different compounds, for instance, proteins (acceptors of an acyl residue) (Fig. [1a](#Fig1){ref-type="fig"} (Buettner et al. [@CR9]; Abd-Rabo et al. [@CR1]; Ozer et al. [@CR61])).Fig. 1The reactions catalysed by transglutaminase included. **a** acyl-transfer reaction; **b** cross-linking reaction between Gln and Lys residues of proteins or peptides. **c** deamidation

If lysine is the acceptor of acyl, then a protein molecule is enriched with this amino acid. The transfer of acyl onto a lysine residue bound in the polypeptide chain induces the process of cross-linking, i.e. the formation of inter- or intramolecular cross-links ε-(γ-Glu)Lys (Fig. [1b](#Fig1){ref-type="fig"}) (Kashiwagi et al. [@CR33]).

In addition, transglutaminase catalyses the reaction of deamination if there is an absence of free amine groups. In this case, water acts as an acyl acceptor (Fig. [1c](#Fig1){ref-type="fig"}) (Motoki and Seguro [@CR59]; Kuraishi et al. [@CR37]). The reactions that are catalysed by this enzyme result in significant changes in the physical and chemical properties of proteins, such as modifications in viscosity, thermal stability, elasticity and resilience of proteins.

Transglutaminases are widespread in nature (Kashiwagi et al. [@CR33]). They are found in mammalian tissues (Yasueda et al. [@CR80]), in many invertebrates and in microbial cells (Yu et al. [@CR84]; Griffin et al. [@CR24]). Transglutaminase is also present in plant tissues in soy, topinambour, fodder beet and orchard apple (Falcone et al. [@CR18]). It has been demonstrated to be involved in many physiological processes: in coagulation, in antibacterial immune reactions and in photosynthesis (Kashiwagi et al. [@CR33]).

Transglutaminase has been isolated from *Streptoverticillium* sp. and *Physarum polycephalum*. As an extracellular enzyme, it is biosynthesised by *Streptoverticillium* sp. (Aidaroos et al. [@CR2]), *Streptoverticillium cinnamoneum* subsp. *cinnamoneum* (Duran et al. [@CR16]), *Streptomyces netropsis* (Yu et al. [@CR84]), *Streptoverticillium griseocarneum* (Gerber et al. [@CR20]), *Streptoverticillium ladakanum* (Ho et al. [@CR28]) and *Streptomyces lydicus* (Færgemand and Qvist [@CR17]). It has also been detected in *Bacillus subtilis* spores (Aidaroos et al. [@CR2]), as shown in Table [1](#Tab1){ref-type="table"}.Table 1Strains selected for production of microbial transglutaminase (MTGase)StrainsYield (unit/mL)References*Actinomadura sp*. T--2n/aKim et al. ([@CR34])*Bacillus circulans* BL320.28de Souza et al. ([@CR73])*Bacillus subtilis* sporesn/aAidaroos et al. ([@CR2])*Corynebacterium ammoniagenes*n/aItaya and Kikuchi ([@CR30])*Corynebacterium glutamicum*n/aDate et al. ([@CR14])*Enterobacter* sp. C23610.77Bourneow et al. ([@CR8])*Providencia* sp. C11120.92Bourneow et al. ([@CR8])*Streptoverticillium mobaraense*0.9--3.4Bourneow et al. ([@CR7]); Zheng et al. ([@CR85]); Zhu et al. ([@CR87]); Gerber et al. ([@CR20]); Ando et al. ([@CR3])*Streptomyces platensis* M52180.66Lin et al. ([@CR42])*Streptomyces hygroscopicus*n/aCui et al. ([@CR12])*Streptomyces lividans*n/aLin et al. ([@CR40], [@CR39])*Streptomyces lividans* JT46/pAE0532.2Lin et al. ([@CR42])*Streptomyces lydicus*1.3Bourneow et al. ([@CR8])*Streptomyces platensis*1.4Lin et al. ([@CR42]); Bourneow et al. ([@CR8])*Streptomyces sioyansis*3.3Bourneow et al. ([@CR8])*Streptoverticillium griseocarneum*1.46Gerber et al. ([@CR20]); Lin et al. ([@CR41])*Streptoverticillium ladakanum* NRRL--31910.28--1.55Téllez-Luis et al. ([@CR75], [@CR76])*Streptoverticillium* sp. s--81121.46Kanaji et al. ([@CR32])

Description of transglutaminase {#Sec2}
===============================

Microbial transglutaminase was first isolated from the *Streptoverticillium* sp. strain. Its active centre is composed of cysteine, histidine and either asparagine or aspartate residues. Shimba et al. ([@CR71]); Washizu et al. ([@CR79]) and Ando et al. ([@CR3]) found that transglutaminase isolated from *Streptoverticillium mobaraense* did not require calcium ions and showed a different reactivity to some food proteins. Such a characteristic is a very useful tool for modifying the functionality of proteins in food products (Trespalacios and Pla [@CR78]).

The enzymatic activity of animal transglutaminase is influenced by numerous factors, among which Ca^2+^ ions are key (Yokoyama et al. [@CR83]; Sharma et al. [@CR70]). It has been demonstrated that the presence of calcium ions induces conformational changes in the enzyme molecule, which then promotes its activity and displays amino acid residues in the catalytic centre.

Transglutaminases of microbiological origin have low molecular weight, as opposed to transglutaminases isolated from animal tissues. Microbiological transglutaminase is a single polypeptide with a molecular weight of approx. 38 kDa. It is composed of 331 amino acids, with an isoelectric point at pH 8.9 (Abd-Rabo et al. [@CR1]; Ando et al. [@CR3]). It is a simple monomeric protein (not a glycoprotein or lipoprotein) (Yokoyama et al. [@CR83]).

A temperature of 40 °C at pH 5.5 is the most favourable for the catalytic activity of transglutaminase (Ho et al. [@CR28]), with the exception of transglutaminase isolated from *Streptomyces* sp., which acts most effectively at a higher temperature of 45 °C. This enzyme is not stable at 50 °C (since it loses 50 % of its activity when heated for 30 min) and is very susceptible to heat in the presence of ethanol. The addition of carbohydrates, such as maltodextrin, saccharose, mannose, trehalose and reduced glutathione (GSH), significantly increases the thermal stability of the enzyme (Cui et al. [@CR13]). Casein may protect transglutaminase against degradation by extracellular proteolytic enzymes (Junqua et al. [@CR31]). At temperatures close to 0 °C, transglutaminase maintains its total enzymatic activity (Yokoyama et al. [@CR83]).

Enzymes biosynthesised by bacteria are stable at a wide range of pH values, i.e. from 4.5 to 8.0. In addition, they do not require calcium ions to be activated, which is in contrast to transglutaminases of animal origin. This is a highly desirable property, from a practical point of view, for use in enzymatic preparation. The activity of transglutaminase increases in the presence of Co^2+^, Ba^2+^ and K^+^. Microbial transglutaminases are inhibited by Zn^2+^, Cu^2+^, Hg^2+^ and Pb^2+^ ions which bind to the thiol group of cysteine in the active centre (Macedo et al. [@CR47]; Motoki and Seguro [@CR59]; Ando et al. [@CR3]).

Comparison of transglutaminase from different sources {#Sec3}
=====================================================

Transglutaminases are enzymes that are commonly found inside and outside of a cell. This determines the versatility and diversity of their functions. Enzymatic activity was observed in many microorganisms and in plant and animal tissues as well. It is noteworthy that the presence of different transglutaminase forms is observed in one organism (Luciano and Arntfield [@CR46]). Animal and plant transglutaminases manifest catalytic activity and biochemical properties similar to those of microbiological transglutaminases, despite having a lack of homology in the amino acid composition (Luciano and Arntfield [@CR46]).

Animal transglutaminases are involved in a number of physiological processes, e.g. they participate in spermatogenesis and blood coagulation. Many forms of transglutaminases have also been identified in plants. It was also confirmed that more than one transglutaminase may function in one plant, or even in one *organelle* (Sobieszczuk-Nowicka et al. [@CR72]). These enzymes play a role in plants\' processes of growth and development (Samelak et al. [@CR68]). A specific feature of a plant is transglutaminase enzyme sensitivity to light. This property applies especially to chloroplast transglutaminase (TGase), which has been confirmed by many studies (Campos et al. [@CR10]; Sobieszczuk-Nowicka et al. [@CR72]).

The application of isolated transglutaminase enzymes from a microbiological source has allowed for simplification of certain processes and has provided energy and economical savings. Thanks to established transgenesis procedures, gene transfer became possible and the expression of genes gave rise to transglutaminase production. The transfer of genes to expression systems such as *Escherichia coli* has remarkably increased production efficiency. It should also be stated that these enzymes are safe for consumers and easily biodegradable which, in contrast to chemical substances, is a great advantage.

Biosynthesis of transglutaminase {#Sec4}
================================

At first, most feasibility studies on transglutaminase modification were conducted using transglutaminase derived from the liver of guinea pigs (Kuraishi et al. [@CR37]). However, the source of origin and its relatively expensive extraction and purification processes hindered the wide use of transglutaminase in the industry. The literature indicates that recently, there has been a large number of publications on the biosynthesis of transglutaminase and on its applications in the food industry. Research on this class of enzymes has been growing, and has reached a very consistent number of published reports (around 400 per year) during the last 5 years (Mehta and Eckert [@CR55]).

The microbiological media used to culture *Streptoverticillium* strains are not attractive from an economical point of view due to the large amount of expensive nutrients that are required, such as yeast extract and peptone. The cost of a culture medium may constitute almost 30 % of the total costs of the whole biosynthesis process (Téllez-Luis et al. [@CR75]). Numerous publications discuss the issues of using agricultural waste materials as a source of carbon for transglutaminase production. The composition of the media used to produce microbial transglutaminase from the *Streptomyces* species has been almost the same in all of the works that have been published (Ando et al. [@CR3]). It contains yeast extract, peptone, sodium phosphate, potassium phosphate, magnesium sulphate and a carbon source (Guerra-Rodríguez and Vázquez [@CR25]). Xylose is a hemicellulosic sugar which may be used as a potential source of carbon and energy for microbial growth. There might be more interest in xylose as a source of carbon for bacterial proliferation if the medium could be produced from inexpensive raw materials such as hemicellulosic hydrolysates, e.g. sorghum straw (Téllez-Luis et al. [@CR77]).

The biosynthesis of transglutaminase on culture media containing hydrolysate of sorghum straw yielded an activity level of 0.34 U/mL after 72 h (Téllez-Luis et al. [@CR75]). Furthermore, the use of sugarcane molasses does not require additional procedures, such as is the case with other hydrolysates. With the use of sugarcane molasses with glycerol, up to 0.46 UA/mL was obtained (Portilla-Rivera et al. [@CR64]). When using enzymatic hydrolysates of potato supplemented with yeast extract, corn steep liquor and casein, up to 1.12 U/mL was obtained (Guerra-Rodríguez and Vázquez [@CR25]). The result obtained in our work, i.e. 2.95 ± 0.3 U/mL, was more than 300 % of that obtained when using the above-cited agricultural wastes as the fermentation media (Guerra-Rodríguez and Vázquez [@CR25]). The composition of sugarcane molasses and glycerol exerted a synergic effect on the biosynthesis of microbial transglutaminase by *S*. *ladakanum* (Téllez-Luis et al. [@CR76]). Téllez-Luis et al. ([@CR76]) recorded high transglutaminase activity, i.e. 0.72 U/mL, when using glycerin (1,2,3-propanotriol and glycerin) as a source of carbon. Due to its high cost, however, the use of alternative sources of carbon, e.g. glycerin, generated in biodiesel production or sugarcane molasses, seems worth considering.

The biosynthesis of transglutaminase, depending on the strain, has been performed on batch cultures. The medium contained glucose, saccharose, starch or dextrins as the source of carbon (Macedo et al. [@CR48]). A study by Ryszka et al. ([@CR67]) showed that the biosynthesis of transglutaminase to conduct the *S*. *mobaraense* strain proved to be the most suitable medium, with a pH from 6.5 to 7.0, with aminobac, corn steep liquor and yeast extract as a nitrogen source. Transglutaminase activity was obtained in the culture after 30 h, which was 2.0 U/mL. The inoculation medium was composed of 2.5 % of oat flakes. The use of 18 h of this medium in a quantity of 7.5 % (vol/vol) as an inoculum has been shown to be the best for obtaining high activity of transglutaminase in the production medium. However, in order to be economically interesting, industrial production requires culture media based on cheaper raw materials. Additionally, the formulation of the culture media is of critical importance because the composition affects product concentration, yield and volumetric productivity. Fermentation media can represent almost 30 % of the costs of microbial production, and general media employed for the growth of *Streptomyces* are not economically attractive (Guerra-Rodríguez and Vázquez [@CR25]).

Peptone, yeast extract, casein and urea are common sources of nitrogen that are used in transglutaminase biosynthesis (Gerber et al. [@CR20]; Zhu et al. [@CR86]). Ammonia salts have been found to be a less useful source of nitrogen (Zhu and Tramper [@CR88]). The literature reports on the potential use of plant materials such as soy, rice, maize and wheat flour, corn steep liquor, wheat middlings or malt extract as a source of nitrogen (Zhu et al. [@CR86]). Bourneow et al. ([@CR7]) demonstrated that peptone was the best source of nitrogen for transglutaminase extraction from the *Streptomyces* sp. P20 and *S*. *mobaraense* strains. Zhu et al. ([@CR87]) carried out studies on the optimisation of culture medium composition and found that the introduction of additional nitrogen compounds, e.g. a proper composition of amino acids, into a medium containing peptone resulted in a significant increase in transglutaminase production by *S*. *mobaraense*.

Amino acids play an important role in the microbiological synthesis of transglutaminase. The exact mechanism of biosynthesis has not, as yet, been fully explained, thus this stage requires further studies. The use of non-modified peptides or amino acids probably impairs transglutaminase synthesis (Zhu et al. [@CR86]). Moreover, in a culture medium containing peptone, the highest activity of the enzyme was detected after 65 h, as opposed to after only 40 h in a medium supplemented with a composition of amino acids. Junqua et al. ([@CR31]) investigated the impact of different sources of nitrogen on transglutaminase production by *Streptomyces cinnamoneum* and found that a culture on a medium with casein and peptone yielded three times higher activity (0.33 J/mL) than that in a medium supplemented with peptone only.

Investigations carried out by Aidaroos et al. ([@CR2]) revealed that ammonium sulphate and calcium chloride in a culture medium had a positive impact both on the growth of *Streptomyces hygroscopicus* WSH03--01 and on transglutaminase biosynthesis. The highest activity of the enzyme at 3.2 U/mL was detected after 60 h of culture.

The activity of transglutaminase at 1.8--3.4 U/mL was generated by *S*. *mobaraense* DSMZ 40847 cultured on a medium with dissolved starch and peptone (Zheng et al. [@CR85]; Zhu et al. [@CR87]); this culture spanned 36--60 h. Transglutaminase synthesised by the *Streptomyces* sp. Strain, cultured for 7 days on a medium with starch, was active at 0.05--0.2 U/mL (Iancu et al. [@CR29]). In contrast, studies conducted by Bahrim et al. ([@CR6]) showed that *Streptomyces* sp. produced transglutaminase with high activity, i.e. 0.43 U/mL in a medium with peptone and glucose. In these studies, *Enterobacter* sp. C2361 and *Providencia* sp. C1112 synthesised transglutaminase with a higher activity within 24--42 h. In addition, the *Providencia* sp. C1112 strain had a transglutaminase activity that was comparable with *S*. *mobaraense* DSMZ 40847. This finding suggests that the selected isolates were a good source of transglutaminase.

In the literature, data on the impact of culture temperature and culture medium pH on transglutaminase production is conflicting. Gerber et al. ([@CR20]) cultured *S*. *griseocarneum*, *S*. *cinnamoneum* and *S*. *mobaraense* at 30 °C and a stable pH value of 7.0. In contrast, Junqua et al. ([@CR31]) cultured *S*. *cinnamoneum* at 28 °C on a medium with an initial pH of 7.0--7.4, and they regulated the pH of the culture during transglutaminase biosynthesis. Zhu and Tramper ([@CR88]) cultured *S*. *mobaraense* at 28 °C and regulated the pH in order for it to remain at a level of 6.5. Data specifying the amount of cultured material and preparation procedures are presented in a few publications. The most common is a 48-h culture material in the amount of 1 or 2 % (Junqua et al. [@CR31]). The material was cultured on media with glucose as a source of carbon and peptone as a source of nitrogen. Numerous publications have discussed transglutaminase purification, but these studies were conducted on a laboratory scale. The objective has most often been to purify the enzyme and to determine its properties as well as to produce a monoenzymatic preparation (Ho et al. [@CR28]; Gerber et al. [@CR20]; Klein et al. [@CR35]).

Technological process {#Sec5}
=====================

Processes of the purification and expression of genes encoding transglutaminase biosynthesis have been carried out with *Streptomyces lividans* (Washizu et al. [@CR79]; Lin et al. [@CR40]), *E*. *coli* (Liu et al. [@CR43]; Yokoyama et al. [@CR82]) and *Corynebacterium glutamicum* (Date et al. [@CR14]). Currently, this enzyme is produced with the use of *S*. *mobaraense*. It would therefore be useful and practical to develop a more effective system of transglutaminase production that could be applied in the food industry. The literature provides little information on the commercial production process, the application of procedures and data on the efficiency of the whole process of transglutaminase synthesis (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Process chart of transglutaminase production

Recently, some studies have been carried out to produce a recombinant transglutaminase from the *E*. *coli* strain (Liu et al. [@CR43]). Transglutaminase is naturally synthesised as a pro-TGase which is then processed by removal of the N-terminal pro-peptide (Marx et al. [@CR53]). Many studies have shown that the pro-peptide is essential for overexpression of TGase in *E*. *coli* (Yu et al. [@CR84]; Marx et al. [@CR53]; Yokoyama et al. [@CR82]). This is a new method of co-expression involving the direct production of active TGase. The coding sequence of transglutaminase was cloned into *E*. *coli*. Then, the recombinant protein was purified using nickel affinity chromatography. The specific activity of transglutaminase produced by the recombinant *E*. *coli* strain was 22 U/mg (Liu et al. [@CR43]).

In turn, Lin et al. ([@CR39]) developed a quick and relatively simple system of purifying recombinant transglutaminase from the *S*. *lividans* 25--2 strain. The process of transglutaminase purification was carried out on both a laboratory and pilot scale. The enzyme was purified to a degree of 90--95 % with an activity of 61--65 U/mg. The applied procedure of purification is simple and assures a high recovery. The data presented by the authors indicate that the activity of recombinant microbiological transglutaminase was 3.3 times higher than activity detected for the enzyme from *Streptomyces platensis* M5218 (Lin et al. [@CR42]). The efficiency of biosynthesis with *S*. *lividans* 25--2 was significantly better (78.2 mg/L) than for *S*. *lividans* 3131-TS (Washizu et al. [@CR79]).

In the *S*. *lividans* system, TGase, under the control of the tyrosinase promoter, was secreted to a level of no more than 0.1 mg/L (Washizu et al. [@CR79]), while the level was about 5 mg/L using the *E*. *coli* OmpA signal peptide (Takehana et al. [@CR74]). A level of about 250 mg/l has been achieved in *E*. *coli*, but the product formed an inclusion body that could be refolded in vitro (Yokoyama et al. [@CR82]). The levels of expression in these studies were low, and it would be very difficult to produce TGase on an industrial scale via an inclusion body (Yokoyama et al. [@CR83]). The experiments carried out by Washizu et al. ([@CR79]) and Yasueda et al. ([@CR80]) were found to be ineffective in producing large amounts of low-priced transglutaminase. However, none of the transglutaminase production processes were commercialised.

Investigations conducted by Itaya and Kikuchi ([@CR30]) demonstrated that *Corynebacterium ammoniagenes* was capable of biosynthesising considerable amounts of transglutaminase in comparison with the *C*. *glutamicum* that was commonly used in the biosynthesis of this enzyme (Yokoyama et al. [@CR83]). These strains are widely applied for the industrial production of amino acids, such as lysine and glutamate.

Transglutaminase is widely used in different branches of the industry because of its ability to modify the physical and chemical properties of proteins. To date, a bacterial expression system with *Streptoverticillium mobaraensis* has mainly been used to biosynthesise transglutaminases. This system, however, has some drawbacks, involving, e.g. problems related to post-translational protein modification (Griffin et al. [@CR24]). Research should thus be pursued to develop a cheaper and more efficient system that will allow for a reduction of costs associated with the distribution, storage, extraction and purification of recombinant proteins.

Transglutaminase preparations {#Sec6}
=============================

Transglutaminase preparations can be the solution to many technological problems related to appropriate efficiency and food texture associated with the ability of utilising raw material of less technological usefulness, e.g. mechanically deboned meat, collagen and blood proteins. It is generally known that the use of phosphates on a large scale in meat processing technology has been addressed through health concerns. In the available literature, it is possible to find information on restricting phosphate applicability in meat processing technology (Pyrcz et al. [@CR65]; Flores et al. [@CR19]).

There are different microbiologically derived enzymatic preparations on the market which contain transglutaminase obtained in a biosynthesis-dependent manner via *Streptoverticillium mobaraense*. An example can be Activa® EB and Activa® WM (Ajinomoto, Japan). These enzymes neutralise changes in the texture caused by freezing of the raw material: chicken meat, chicken batters (Arciszewska et al. [@CR4]). Other raw materials containing transglutaminase, e.g. SAPRONA TG1 and SAPRONA TG2 Prima Vera Poland Sp. z o.o. (Poland), are utilised in salami production. They allow faster maturation and a clear profile of the product. They improve the structure of meat and minimise loss during thermal processing and rationing. SAPRONA TG 1 has been designed for a system where the quantity of the protein is efficient for a cross-linking reaction (<http://www.pvpolska.pl/>). Enzyme preparation from PMT TRADING sp. z o.o. (Poland) is used as a processing aid in the production of fermented dairy products. Preparation increases the ability of utilising heat-shocked whey proteins through inclusion in the sow net and improving the sensory characteristics of the ready-made product. Better cream consistency and condensation of dry cottage cheese have been observed (<http://www.saprovia.com/>).

Using transglutaminase in the food industry, independently from the source of origin, constitutes a natural technological method. Enzymatic modification of food constituents has a greater chance of being accepted by the food industry than the commonly used chemical methods.

Applications of transglutaminase {#Sec7}
================================

Preparations containing transglutaminase have a potentially wide range of applications (Fig. [3](#Fig3){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}). They commonly attract interest because they are used in the food industry for the cross-linking of proteins (Buettner et al. [@CR9]; Giosafatto et al. [@CR22]; Kashiwagi et al. [@CR33]; Zheng et al. [@CR85]). Transglutaminase is also used to produce, for instance, protein or composite edible films (Porta et al. [@CR62], [@CR63]).Fig. 3Possible applications of microbial transglutaminaseTable 2Application of MTGase on food processingSourceProductEffectReferenceMeatRestructured meatRestructured meat texture and appearance, increased hardnessKuraishi et al. ([@CR36]); Motoki and Seguro ([@CR59]); Trespalacios and Pla ([@CR78])FishFish paste, restructured productIncreased hardnessTéllez-Luis et al. ([@CR77])MilkCream, deserts, milk drinks, dressingsImproved quality and textureLauber et al. ([@CR38]); Şanlı et al. ([@CR69])CaseinCross linked proteinAllergenicity reductionLauber et al. ([@CR38]); Ozer et al. ([@CR61])WheatBaked foodsImproved texture and high volumeGerrard et al. ([@CR21])GelatinSweet foodsLow calorie foods with good texture and elasticityGiosafatto et al. ([@CR22])

Transglutaminase is an enzyme that catalyses the formation of cross-links both within a protein molecule and between molecules of different proteins (Mahmood and Sebo [@CR49]). This feature has an impact on the changes in protein functionalities: solubility, emulsifying capacity, foaming properties and gelation (Giosafatto et al. [@CR22]). Studies carried out by Monogioudi et al. ([@CR57]) demonstrated that the enzymatic cross-linking of β-casein was more resistant to digestion by pepsin than was the case with non-cross-linked β-casein. The authors concluded that these results might exert a considerable impact on the development of new types of foods with better structural characteristics (Giosafatto et al. [@CR22]). Polymerisation of milk proteins with transglutaminase results in the formation of a protein film which improves the functional properties of dairy products (Rossa et al. [@CR66]). According to Hiller and Lorenzen ([@CR27]), cross-linking is a predominant process that leads to the formation of specific bonds, e.g. ε-(γ-glutamyl)lysine bonds, inside and between the isopeptide chains.

In the baking industry, transglutaminase is used to improve the quality of flour, the texture and volume of bread (Moore et al. [@CR58]) and the texture of pasta after cooking (Kuraishi et al. [@CR36]). From a nutritional point of view, rice flour contains many valuable nutrients, for instance protein, fibre and vitamins E and B; however, its use is limited to non-fermented bakery products. Research conducted by Gujral and Rosell ([@CR26]) has demonstrated that the addition of transglutaminase to rice flour improved the rheological properties of dough by increasing the triglyceride content.

Transglutaminase is also widely used in the meat industry, mainly in the manufacture of restructured meat (Kuraishi et al. [@CR36]). Apart from having a positive impact on the texture of the final product, the use of transglutaminase preparations facilitates strong cohesion of a meat block without the need for thermal processing or the addition of salt or phosphates. The use of transglutaminase in meat processing significantly improves the texture of the final product, which results in, for example, an increase in its hardness. Moreover, it strengthens the texture of homogenised sausages made of pork, beef or poultry meat. The addition of transglutaminase allows for the utilisation of lower quality raw materials, such as collagen, blood proteins and mechanically deboned meat, in manufacturing meat products with a higher nutritive value by supplementing it with amino acids in which it is deficient (e.g. exogenous lysine). The application of transglutaminase has created new technological opportunities for producing fine and coarse-minced sausages, Vienna sausages and smoked meat. Instead of high-quality meat, lower quality raw materials and additives, such as skimmed milk powder, soy or wheat flour, can now be used to manufacture these products. The impact of the enzyme on the proteins of these raw materials yields products which do not differ in appearance, texture, odour, taste and nutritional value from analogical products made exclusively of high quality meat (Motoki and Seguro [@CR59]). The use of transglutaminase allows for the production of some types of processed meats with a lower fat content; in this case, sodium casein treated with transglutaminase replaces previously extracted animal fat. Products with fillers do not differ in their organoleptic properties from conventionally processed meat (Nielsen [@CR60]).

In the dairy industry, transglutaminase has been introduced into the production of numerous products, e.g. yoghurts, in order to prevent syneresis or to make their texture firmer and softer (Lorenzen et al. [@CR44]). Transglutaminase-modified casein makes it possible to manufacture dairy products with better structure and consistency. This method is used to produce yoghurts from milk incubated with transglutaminase (Ozer et al. [@CR61])---they have a homogenous, firm and creamy consistency as well as a smooth and dry curd surface. This results from a reduction in syneresis (Lorenzen et al. [@CR44]). Such yoghurts serve as a base to produce creams, frozen desserts, ice cream, milk drinks and dressings (Nielsen [@CR60]; Lauber et al. [@CR38]; Şanlı et al. [@CR69]).

Transglutaminase is used in the manufacturing of cheese, and curd yield is increased by using transglutaminase in the manufacturing process. Three patterns for producing natural cheese with transglutaminase are proposed: (1) adding transglutaminase to milk, heating the milk for pasteurisation and deactivation of the enzyme, and then adding rennet to the milk; (2) adding rennet to the milk and then adding transglutaminase; (3) adding transglutaminase to the milk at the same time as rennet (Kuraishi et al. [@CR37]). Investigations carried out by Mahmood and Sebo ([@CR49]) and Cozzolino et al. ([@CR11]) on improving the yield and properties of cheese demonstrated that the addition of transglutaminase before the addition of rennet prevented milk coagulation; whereas simultaneous addition of the enzyme and rennet significantly reduced the resistance and hardness of the cheese, the protein level and the fat content in whey.

Transglutaminases are currently being used in baking technologies to form links between polypeptide prolamin chains. The first data on the baking of pastry with the addition of transglutaminase were provided by Gottmann and Sprossler ([@CR23]). Transglutaminase was found to have a positive impact on the stability and volume of dough as well as on the improvement of the baking quality of poor flour and, consequently, the texture of the bread (Marco and Rosell [@CR51]). Losche ([@CR45]) reported that transglutaminase improved the rheological properties of dough and ensured proper pore size and bread elasticity after baking. In addition, transglutaminases were shown to improve water adsorption by dough (Kuraishi et al. [@CR37]). Modification of wheat flour proteins with transglutaminase increases the elasticity and resilience of dough as well as the volume of bread by 14 % in comparison with pastry made from traditionally prepared dough (Gerrard et al. [@CR21]).

Transglutaminase allows for the development of entirely new products, e.g. protein films used to coat fresh vegetables and fruits and processed food products to extend their shelf life and freshness (Di Pierro et al. [@CR15]). Whey protein modified with transglutaminase is used to produce such films. These films are edible and may be consumed together with food products (Marquez et al. [@CR52]). Moreover, depending on the technology, they have different water permeability, elasticity, resilience, resistance to tension and mechanical damage (Mahmoud and Savello [@CR50]; Yildirim and Hettiarachchy [@CR81]). Increasingly frequently, transglutaminase is being utilised in many branches of the industry as a protein modifier. There is optimism about the potential use of transglutaminase to improve the nutritional values of deficient proteins by inserting the desired amino acids and peptides. It has been suggested that this enzyme could be used to block allergenic and proteolysis-resistant peptides in soy proteins (Babiker et al. [@CR5]). Numerous products of protein modification with transglutaminase are being utilised in the leather, cosmetics and pharmaceutical industries (Zhu et al. [@CR86]; Nielsen [@CR60]).

Transglutaminases may, in the future, be used to reconstruct bonds between polypeptide prolamin chains. The formation of isobonds with the support of glutamine probably inhibits the process of the recognition of this peptide fragment by T cells, and therefore it blocks the mechanism that leads to the development of celiac disease (Molberg et al. [@CR56]).

Summary {#Sec8}
=======

Transglutaminase, because of its unique properties, is an enzyme that is widely used in many branches of the food industry. It has been recognised as safe (GRAS) by an independent panel of scientific experts. The discovery that it has an inexpensive source of its biosynthesis, i.e. by microorganisms, has afforded an opportunity for a wider and more practical application of this enzyme. Further research and development towards cost-efficient production of transglutaminase by microorganisms may result in the development of more accessible products with a wider scope of use. A mechanistic approach aims at identifying novel and promising areas of transglutaminase utilisation which will lead to its safe use in the food industry. The great applicability of microbial transglutaminases has prompted a search for new strains that would be capable of synthesising substantial amounts of the enzymes with high activity from the cheapest substrates possible.
